Recovery after a spinal cord injury often requires that axons restore synaptic connectivity with denervated targets several centimeters from the site of injury. Here we report that systemic artemin (ARTN) treatment promotes the regeneration of sensory axons to the brainstem after brachial dorsal root crush in adult rats. ARTN not only stimulates robust regeneration of large, myelinated sensory axons to the brainstem, but also promotes functional reinnervation of the appropriate target region, the cuneate nucleus. ARTN signals primarily through the RET tyrosine kinase, an interaction that requires the nonsignaling coreceptor GDNF family receptor (GFRα3). Previous studies reported limited GFRα3 expression on large sensory neurons, but our findings demonstrate that ARTN promotes robust regeneration of large, myelinated sensory afferents. Using a cell sorting technique, we demonstrate that GFRα3 expression is similar in myelinated and unmyelinated adult sensory neurons, suggesting that ARTN likely induces long-distance regeneration by binding GFRα3 and RET. Although ARTN is delivered for just 2 wk, regeneration to the brainstem requires more than 3 mo, suggesting that brief trophic support may initiate intrinsic growth programs that remain active until targets are reached. Given its ability to promote targeted functional regeneration to the brainstem, ARTN may represent a promising therapy for restoring sensory function after spinal cord injury.
Recovery after a spinal cord injury often requires that axons restore synaptic connectivity with denervated targets several centimeters from the site of injury. Here we report that systemic artemin (ARTN) treatment promotes the regeneration of sensory axons to the brainstem after brachial dorsal root crush in adult rats. ARTN not only stimulates robust regeneration of large, myelinated sensory axons to the brainstem, but also promotes functional reinnervation of the appropriate target region, the cuneate nucleus. ARTN signals primarily through the RET tyrosine kinase, an interaction that requires the nonsignaling coreceptor GDNF family receptor (GFRα3). Previous studies reported limited GFRα3 expression on large sensory neurons, but our findings demonstrate that ARTN promotes robust regeneration of large, myelinated sensory afferents. Using a cell sorting technique, we demonstrate that GFRα3 expression is similar in myelinated and unmyelinated adult sensory neurons, suggesting that ARTN likely induces long-distance regeneration by binding GFRα3 and RET. Although ARTN is delivered for just 2 wk, regeneration to the brainstem requires more than 3 mo, suggesting that brief trophic support may initiate intrinsic growth programs that remain active until targets are reached. Given its ability to promote targeted functional regeneration to the brainstem, ARTN may represent a promising therapy for restoring sensory function after spinal cord injury.
artemin | GFRα3 | regeneration | dorsal root crush | cuneate nucleus S pinal cord (SC) injury results in permanent paresis and paralysis, owing in large part to the failure of axons to regenerate. In the adult SC, axons do not regenerate because of myelin-and injury-associated inhibitory barriers and a limited intrinsic regenerative ability (1) . Although there has been some success in removing extrinsic barriers and providing neurotrophic factors to promote functional regeneration over short distances (2) (3) (4) , meaningful functional recovery requires that damaged axons regenerate and reconnect with their original targets, often centimeters away from the lesion. Studies in which damaged sensory axons were induced to regenerate to the brainstem have failed to show reestablishment of synapses (5) . These findings cast doubt on whether sensory axons can regenerate functionally to the brainstem. Dorsal root (DR) crush provides a useful model for studying long-distance axon regeneration without affecting the architecture of the SC. Fine touch and proprioceptive neurons with cell bodies in the DR ganglion (DRG) provide monosynaptic input to neurons in the dorsal column nuclei. These neurons can be traced using transganglionic labeling methods and are easily studied electrophysiologically, making this an ideal injury model for investigating functional regeneration from the brachial SC to the brainstem.
Previous studies demonstrated that a 2-wk systemic treatment with the neurotrophic factor artemin (ARTN) promotes topographically specific regeneration of both myelinated and unmyelinated sensory axons into the SC at 1 mo after DR crush (3, 6) . This results in persistent recovery of simple behavioral tasks and of electrophysiological function in the SC. In addition, Wang et al. (3) provided evidence that ARTN might promote sensory axon regeneration to the brainstem, although the extent, functionality, and mechanism of regeneration to distant targets remain unknown.
The major mechanism of ARTN action is via binding to a nonsignaling coreceptor, GDNF family receptor (GFRα3), and the RET receptor tyrosine kinase, forming a complex that activates intracellular signaling cascades (7) . Earlier studies suggested that GFRα3 is expressed primarily in small sensory neurons, with limited expression in large neurons (8, 9) ; thus, how ARTN promotes robust regeneration of large sensory axons is unclear.
In this paper, we report that ARTN induces functional regeneration of myelinated sensory axons across several centimeters to the brainstem. Over several months after DR crush, sensory axons in ARTN-treated rats regenerate to the cuneate nucleus (CN), where they reestablish functional synapses. Given this evidence of large-fiber regeneration, we investigated whether myelinated sensory neurons express GFRα3. In contrast to earlier studies, we found that GFRα3 is expressed at comparable levels in myelinated and unmyelinated sensory neurons, providing a basis for the long-distance regeneration described here.
Results
Crushed Brachial Sensory Axons Regenerate to the Brainstem. To test whether sensory axons regenerate to the CN, we performed a unilateral DR crush from from cervical level 5 (C5) through thoracic level 1 (T1) and treated rats with ARTN or vehicle. At 6 mo postlesion, we examined brainstem sections for the presence of regenerated axons peripherally labeled with fluorescent dextran. With intact roots, axon terminals in the CN of the brainstem were robustly labeled and tightly clustered (Fig. 1A) . The DR crush interrupted all brachial sensory axons traveling to the brainstem, as demonstrated by the elimination of fluorescent puncta in the CN in vehicle-treated animals (Fig. 1B) . Virtually no labeled axons were present in the SC of vehicle-treated animals at any time point examined (1.5, 3, and 6 mo after DR crush), consistent with the Significance Recovery after a spinal cord injury requires that axons regenerate and reconnect with their original targets. Here we report that after interruption of sensory axons in dorsal roots, systemic treatment with a naturally occurring growth factor, artemin (ARTN), promotes regeneration of these axons 3-4 cm away from their original target region in the brainstem, where they reestablish functional connections. In contrast to earlier studies, we also find that GDNF family receptor, a known receptor for ARTN, is expressed on both myelinated and unmyelinated sensory neurons, consistent with ARTN's ability to promote regeneration of large and small sensory neurons.
fact that crushed sensory axons stop regenerating at the DR entry zone, the transitional zone between the peripheral nervous system and CNS (6, 10) . In animals treated with systemic ARTN104, substantial numbers of labeled puncta in the ipsilateral CN were evident at 6 mo after DR crush (Fig. 1C) , confirming that ARTN promotes long-distance regeneration. Puncta were located in approximately the same brainstem region as in uninjured animals, suggesting that ARTN promotes directed regeneration even over long distances (Fig. 1C) . On average, there were ∼25% as many puncta as in the intact projections on the contralateral side, representing a significant improvement over vehicle treatment (P = 0.04) (Fig. 1D) . Thus, systemic ARTN treatment promotes regeneration of crushed brachial sensory axons to the brainstem within 6 mo after DR crush.
ARTN Restores Synaptic Inputs in the Brainstem. We assessed the recovery of synaptic function in the brainstem through extracellular recordings from the CN in response to stimulation of the median and ulnar nerves. Most responses mediated by intact sensory axons have latencies of 0.9-1.3 ms and synaptic responses (quantified as the average response from 0.5 to 6.5 ms) of 250-400 μV (Fig. 2A ). These field potentials (i.e., synaptic potentials) in brainstem neurons are evoked by activity in large-caliber myelinated sensory axons. The synaptic response was similar on the unlesioned side in ARTN104-and vehicle-treated animals. Synaptic potentials were abolished in all vehicle-treated animals tested ( Fig. 2 A and C) . In contrast, all animals treated with systemic ARTN104 showed recovery of synaptic function at 6 mo after DR crush ( Fig. 2A) . The ratio of the synaptic potential on the crushed side over the intact side was 0.23 ± 0.02 (n = 8), much greater than that in vehicle-treated animals (0.01 ± 0.006; n = 5; P < 0.001). Similar to previous findings in the SC (2, 3), synaptic potential latencies evoked by regenerating axons were longer than those evoked by unlesioned axons (2.2 ± 0.2 ms vs. 1.1 ± 0.1 ms; n = 8; P < 0.001) (Fig. 2A) . These data are consistent with smallercaliber regenerating axons (11) .
To verify that the synaptic potentials originated from the injured DRs, DRs from C5-T1 were cut at the end of each electrophysiology session. This completely abolished the synaptic potentials in the brainstem and SC, indicating that the response is mediated through those roots. These data demonstrate that after DR crush and systemic ARTN treatment, regenerating brachial sensory axons reestablish functional synapses with targets in the CN, 3-4 cm from the lesion site, within 6 mo after the crush surgery.
Restoration of Synaptic Input Requires a Long Recovery Time. Our previous experiments indicated that a relatively short recovery time (∼1 mo) is required for local regeneration and restoration of synaptic input in the brachial spinal cord (2, 3) . In contrast, regeneration to the brainstem should require significantly more time because of the greater distance axons must regenerate from the lesion.
To verify that the synaptic connections that we observed in the brainstem after DR crush did not originate from axons spared in the crush surgery, we assessed the synaptic response in the CN and SC in animals that recovered for 1.5, 3, or 6 mo after DR crush. Our initial experiments were carried out in animals treated with ARTN104, a truncated version of ARTN with nine N-terminal amino acids removed to reduce binding to heparan sulfate proteoglycans (12) . Because of constraints on our supply of ARTN104, we conducted subsequent experiments using ARTN113, a longer form of ARTN containing 113 amino acids that we had used in previous studies (3, 6) .
We first assessed whether ARTN113, like ARTN104, could restore synaptic input by recording brainstem and SC synaptic responses. With ARTN113 treatment, 50% of the animals (three of six) had recovered synaptic function in the SC and brainstem at 6 mo postlesion, in contrast to all eight animals treated with ARTN104. In the three animals in which synaptic input was reestablished, synaptic potential shape, size, and latency were similar to those in animals treated with ARTN104 (Figs. 2 and 3) . A recovery period of only 1.5 or 3 mo was not sufficient to allow regeneration to the CN, however (Fig. 3A) . In animals that had recovered for these short time periods, ARTN113 promoted restoration of synaptic connections in the SC in 6 of 8 animals, and the synaptic potentials were similar in shape, size and latency for all recovery times ( Fig. 3 B and D) . Despite synaptic activity in the SC, none of these animals had any synaptic response in the brainstem on the lesioned side (Fig. 3A) . By 6 mo postlesion, synaptic function was reestablished in the CN to ∼18% of normal, significantly greater than the regeneration at earlier time points (P = 0.002, ANOVA) ( Fig. 3 A and C) .
The foregoing data indicate that restoration of synaptic function takes significantly longer in the brainstem than in the SC, consistent with the distance over which that axons must regenerate. Because spared axons recover rapidly (11), the lack of response at 1.5 and 3 mo suggests that axons are unlikely to be spared after DR crush. In the three animals excluded from the study because of overly rapid behavioral recovery (suggestive of an incomplete DR crush; Materials and Methods), synaptic potential latencies and rise times were comparable to those on the uninjured side after only 1.5 mo (data not shown).
To further verify that long-distance regeneration is timedependent, we counted puncta in the CN of ARTN113-treated rats that had recovered for 1.5, 3, and 6 mo postcrush and had synaptic recovery in the SC. No puncta were observed above background in the CN at 1.5 mo (n = 2) or 3 mo (n = 3), despite the presence of numerous labeled sensory axons in the dorsal horn of the brachial SC (Fig. 4) . In contrast, numerous fluorescent puncta were present in the CN of ARTN113-treated animals at 6 mo postcrush (n = 3), a significant improvement over earlier time points (P = 0.04, ANOVA) (Fig. 4) . In animals with functional regeneration, both ARTN113 and ARTN104 resulted in the recovery of 25-30% of the normal number of labeled terminals ipsilateral to the crush (Figs. 1B and 4B ). These data confirm the expectation that long-distance regeneration to the CN takes significantly longer than regeneration to the brachial SC.
GFRα3 Is Present in Both Myelinated and Unmyelinated Sensory
Neurons. Some previous studies have suggested that GFRα3, the high-affinity binding partner of ARTN, is expressed predominantly in small, unmyelinated sensory neurons, with limited to no expression in large, myelinated neurons (8, 9, 13, 14) . Nevertheless, myelinated fibers regenerate after ARTN treatment, suggesting that GFRα3 may be more widely expressed than previously reported.
To assess GFRα3 expression in large, myelinated neurons, we stained sections of adult DRGs with antibodies to GFRα3 and either the neurofilament heavy chain (NF200), which identifies large sensory neurons, or calcitonin gene-related peptide (CGRP), which identifies a subpopulation of small sensory neurons (Fig. 5  A and B) . As expected, the majority of CGRP + cells (92 ± 4%) expressed GFRα3 (Fig. 5A) . Of note, a significant percentage of NF200 + cells (84 ± 4%) also expressed GFRα + (Fig. 5B) , suggesting that the coreceptor is expressed in large-diameter neurons. Because our results differed from previous reports (8, 9, 13, 14), we were concerned that the commercially available GFRα3 antibody might bind nonspecifically.
To verify the specificity of GFRα3 immunolabeling, we immunostained DRG tissue from mice with a genetic deletion of GFRα3 and their heterozygous littermates (15) . There was no GFRα3 immunoreactivity in GFRα3 −/− murine DRGs (Fig. S1A) ; in contrast, nearly all neurons expressed GFRα3 in GFRα3 +/− mice (Fig. S1B ). These findings demonstrate that GFRα3 antibody binding is specific, and provides strong evidence that GFRα3 is expressed by both large and small DRG neurons.
To provide further support for GFRα3 expression in large sensory neurons, we developed a method to identify and physically separate large and small neurons so we could assess the expression of GFRα3 mRNA using quantitative PCR (qPCR). Populations of small and large neurons were identified by injecting peripheral nerves with wheat germ agglutinin conjugated to Alexa Fluor 647 (WGA-647), labeling a subpopulation of small sensory neurons, and cholera toxin B subunit conjugated to Alexa Fluor 488 (CTB-488), labeling large, myelinated sensory neurons (16, 17) .
As expected, few neurons were labeled with both neurotracers (Fig. 6 A and B) , verifying that these neurotracers label distinct neuronal populations. We confirmed the specificity by staining sections of prelabeled DRGs with NF200 and CGRP. More than 60% of CTB + neurons expressed NF200, whereas only 7% expressed CGRP (Fig. 6 A-C). When cells labeled with both CTB and WGA were excluded, only 3% of CTB + neurons expressed CGRP. In contrast, 48% of WGA + neurons expressed CGRP and 17% expressed NF200 (Fig. 6 A-C) . Consistent with previous reports (16), CTB + cells are larger than WGA + cells (Fig. S2 ). These data confirm that labeling peripheral nerves with CTB and WGA is a suitable method for differentiating large and small DRG sensory neurons (16, 17) . Dissociated sensory neurons prelabeled with WGA and CTB were sorted into separate fractions by fluorescence-activated cell sorting (FACS) (Fig. 6D) . qPCR using the genes for GAPDH and HPRT as reference genes showed that relative levels of GFRα3 mRNA were similar in CTB + and WGA + neurons (Pfaffl ratio: for CTB + , 1.03; for WGA + , 1.09; P = 0.82). Both large and small sensory neurons express GFRα3 Given the presence of GFRα3 transcript and protein in both neuronal types, ARTN likely promotes regeneration via the canonical pathway involving high-affinity binding to GFRα3 and subsequent RET activation (18) . We cannot rule out the possibility of alternative binding partners, however.
GFRα3 Expression Decreases After DR Crush. Previous studies indicated that GFRα3 is up-regulated after axonal injury (3, 8, 14) . We assessed the effects of DR crush on GFRα3 gene expression using qPCR. In contrast to previous studies, we found that GFRα3 expression was decreased at 2 d after DR crush (Pffafl ratio: for intact neurons, 1.06; for DR crush neurons, 0.64; P = 0.01) (Fig.  7A) . To determine whether this trend also occurred at the protein level, we measured changes in GFRα3 immunoreactivity in DRG neurons from rats subjected to unilateral DR crush. We found a significant decrease in mean pixel intensity in DRG neurons at 2 d after crush (32.0 ± 0.7, n = 271 cells from three animals) compared with DRG neurons from the intact side (46.4 ± 0.9, n = 276 cells from three animals) in the same animals ( Fig. 7 B and C) . Furthermore, no cells expressed high levels of GFRα3. This decrease in average immunoreactivity for GFRα3 protein was maintained for 12 d after crush (intact, 41.3 ± 0.8; crush, 34.3 ± 0.7; P < 0.001) (Fig. 7 B and C) . These data indicate that GFRα3 expression decreases after DR crush.
Discussion
Long-distance regeneration is required for restoration of function after SC injury. To date, regeneration in the SC has been limited to several millimeters, with no reestablishment of functional connectivity in many cases. Systemic ARTN treatment promotes the regeneration of crushed sensory axons from the brachial SC to the brainstem, a distance >3 cm in adult rats. This regeneration restores substantial synaptic connectivity with neurons in the CN at 6 mo after DR crush (Fig. 2) . Although we are not aware of any behavioral tests for restoration of sensory input to the brainstem, simple reflexive behaviors are markedly improved with a 20% restoration of synaptic function in the SC (3). This suggests that the level of synaptic connectivity in the brainstem demonstrated here might be behaviorally relevant.
One concern about the DR crush model of spinal injury is that axons may be spared in the crush (11) . Although no labeled axons or synaptic responses were observed in the SC of vehicle-treated animals ( Figs. 1 and 2) , ARTN might promote recovery of damaged sensory axons rather than regeneration of crushed axons. Several observations indicate that recovery was largely the result of regeneration. First, all animals underwent rigorous behavioral testing shortly after crush surgery, and the few animals that recovered the use of the ipsilateral forelimb in the first 2 wk after DR crush were excluded from the study. Second, the latency to the onset of synaptic activity was twice as long in postsynaptic neurons receiving input from crushed axons as in those receiving input from uninjured axons ( Fig. 2A) , consistent with a smaller caliber of regenerated axons (3, 11) . Third, labeled axons and synaptic responses were present in the CN only after several months of recovery (Figs. 3 and 4 ). Spared axons recover over the course of days, not months (11); thus, if synaptic responses were the result of spared axons, then recovery in the CN would occur at the same time as in the SC. The most parsimonious explanation for the substantial time to the appearance of labeled axons in the CN is that axons regenerate from the site of injury in the DR. These data provide strong evidence that ARTN treatment promotes functional regeneration to the brainstem, although a contribution from spared axons cannot be completely excluded. In this study, central axons regenerated at an average rate of 0.2-0.4 mm/d, much slower than the rate of growth in lesioned white matter reported by Davies et al. (19) . There may be several reasons for this difference. First, our preparation did not use a conditioning lesion to promote a more robust regenerative response. Second, chondroitin sulfate proteoglycans (CSPGs) produce a substantial barrier at the DR entry zone, dorsal horns, and dorsal columns near the site of DR crush (4). In our preparation, this CSPG-rich area would extend from C5 to T1, a distance of at least 1.5 cm through which axons might regenerate at a reduced rate. Finally, axon elongation slows at the border between the dorsal columns and the CN (19) , which may contribute to the slower rate of overall growth. Despite these factors, this study demonstrates sustained axonal growth for several months, which would yield a substantial clinical benefit, particularly given the functionality and specificity of this regeneration.
Remarkably, ARTN promoted functional reinnervation of the correct areas in the brainstem without the addition of guidance molecules. Other studies have relied on gradients of neurotrophic factors to guide regenerating axons to correct brainstem regions, a technique that could equally lead axons astray if misplaced (5, 20) . Identifying therapies that encourage proper guidance is paramount to the goal of long-distance regeneration (21, 22) . With ARTN treatment, regeneration is topographically specific in the SC, with sensory axons reinnervating the correct regions of the dorsal horn (6) . Similarly, the results of the present study demonstrate that regenerating axons reach the correct brainstem nucleus, suggesting that guidance cues persist in the adult CNS. Although targeting was not perfect, we hypothesize that ARTN treatment promotes regeneration over long distances, in part by stimulating growth in a targeted manner. The correct guidance of regenerating axons may be related to the fact that ARTN was administered systemically rather than directly into the SC or cerebrospinal fluid, which may overwhelm guidance cues. Second, ARTN was administered for only 12 d, yet led to continued axon growth. It is tempting to speculate that this may better mimic physiological growth signals, and that a temporal pattern of trophic support might be more important than continuous activation of growth pathways. Further experiments are needed to ascertain which intrinsic pathways are activated with ARTN treatment and to understand the manner by which ARTN results in a sustained regenerative response.
ARTN signals through the RET tyrosine kinase, an interaction that requires the binding of a nonsignaling coreceptor GFRα3 (23, 24) . Previous studies have suggested that GFRα3 is expressed only rarely on myelinated sensory neurons (8, 9, 14) , yet ARTN promotes robust regeneration of myelinated sensory axons (3, 6, 25) . Given this inconsistency, we devised a method to quantify GFRα3 in specific populations of cells, and found similar expression in myelinated neurons and unmyelinated neurons. Given that RET is expressed on most sensory neurons (18) , ARTN likely acts through the binding of GFRα3 and the RET tyrosine kinase to promote regeneration in both myelinated and unmyelinated neurons, although signaling through other binding partners is possible as well.
Several earlier studies reported an increase in the number of cells expressing GFRα3 after injury (3, 8, 14, 26) . In contrast, we found decreased GFRα3 levels in DRG neurons shortly after DR crush that persisted for at least 12 d (Fig. 7) . Our results differ from previous studies because many of those studies examined changes in GFRα3 expression after peripheral nerve injury rather than DR injury (8, 14, 26) . Unlike DR crush, peripheral nerve injury up-regulates growth-promoting pathways. In one study using the DR crush model of injury, GFRα3 + cells were counted, and a decrease in the number of myelinated GFRα3
+ neurons with a concomitant increase in unmyelinated GFRα3
+ neurons was observed (3). Here we found that GFRα3 expression decreases. This discrepancy may be attributed to differences in the sensitivity and resolution of these testing methodsis.
In summary, systemic ARTN treatment promotes targeted regeneration of adult sensory axons to the brainstem, a distance of >3 cm. Regenerating sensory axons reestablish synaptic connectivity with neurons in the CN, suggesting that guidance cues persist in the adult CNS, and adult neurons retain some intrinsic ability to follow these cues to appropriate target areas. Understanding the intrinsic pathways activated by ARTN can provide insight into new therapeutics to promote targeted and functional axon regeneration in the CNS.
Materials and Methods
DR Crush. All experimental procedures were approved by the Tufts University School of Medicine's Institutional Animal Care and Use Committee and conformed to National Institutes of Health guidelines. Unilateral DR crushes were performed from C5 to T1 on male Sprague-Dawley rats (200-250 g) as described previously (2, 3, 6 ). Animals were treated with 1 mg/kg ARTN104, 3 mg/kg ARTN113, or saline vehicle for 2 wk after surgery (3). Animals with persistent sensory function after DR crush (n = 3 of 30) were excluded.
Preparation and Purification of ARTN. The 104-aa and 113-aa versions of rat ARTN were produced in Escherichia coli (12) . A kinase receptor activation (KIRA) ELISA determined that the preparations were indistinguishable in their ability to promote RET phosphorylation with EC 50 values of 1 nM.
Neuroanatomy. To trace the central projections of sensory axons, rats were anesthetized, the radial nerve was exposed, 4 μL of a 1% solution of 10,000-molecular weight mini-Ruby dextran (Life Technologies) in PBS was injected using a Hamilton syringe, and muscle and skin were closed. After 7 d, rats were perfused with 4% paraformaldehyde in PBS, and the SC and brainstem were removed. Then 25-μm cryostat sections were imaged with a Leica SP2 confocal microscope; 10-to 15-μm Z-stacks were obtained using steps of 0.8 μm and fixed exposure settings. Puncta were quantified using ImageJ by a researcher blinded to the identity and treatment of the animal.
Electrophysiology. Anesthetized animals received 1 mg/kg of dexamethasone before brainstem exposure. Median and ulnar nerves were stimulated with square 50-μs, 2-V pulses delivered at 5 Hz using a digital stimulus isolator (model 2300; A-M Systems) driven by custom LabVIEW software (National Instruments).
Recordings were made using a 1 × 16-channel microelectrode (NeuroNexus), with recording locations spaced vertically at 100-μm intervals, from three recording sites in the CN bilaterally. The three recording sites were chosen based on our extensive mapping of maximum responses in the CN of normal animals. Single responses were recorded with a 16-channel amplifier (model 3600; A-M Systems), filtered (0.3 Hz-10 kHz), and digitized (16-bit, 20-kHz sampling rate) using custom LabVIEW software. Fifty traces were averaged and stored for analysis offline at each of the 16 locations at each site. The response (average, 0.5-6.5 ms) was used as the physiological measure of the summed short-latency response at each location. At each site, the largest response of the 16 recordings was selected, and the largest response of the three recording sites for each experimental animal was chosen. SC recordings were made as described previously (3) . The extent of regeneration was calculated independently for each animal as the ratio of the maximum response on the regenerated side to that on the unlesioned side.
FACS and Quantification of GFRα3 Expression. To label distinct populations of DRG neurons, a mixture of CTB-488 and WGA-647 (Life Technologies) was injected into the brachial nerves at 2 d before DRG harvesting. Suspensions of dissociated sensory neurons were made using a protocol modified from Malin et al. (27) , combining brachial DRGs from 12 rats to provide sufficient material for analysis. The samples were filtered with a 40-μL Flowmi cell strainer (Bel-Art Products). CTB-488 + and WGA-647 + cells were sorted into tubes containing media supplemented with 200 mM ascorbic acid using a Beckman Coulter Moflo Legacy cell sorter. FACS was performed in triplicate. cDNA was made with the SuperScript III CellsDirect cDNA synthesis kit (Life Technologies) and a mixture of Oligo(dT) 20 and random primers. qPCR was performed using the appropriate primer pair (Table S1 ) in a SYBR Green Master Mix (Applied Biosystems). Samples were run in triplicate, with each amplification including reactions without template as negative controls. Relative fold changes were calculated using the ΔΔCt method with Pfaffl correction for PCR amplification efficiency (28), using both GAPDH and HPRT as reference genes (29) .
Immunohistochemistry. The 25-μm cryostat sections were processed using goat anti-GFRα3 (1:400; R&D Biosystems), rabbit anti-NeuN (1:200; Abcam), mouse anti-NF200 (1:1,000; Sigma-Aldrich), and mouse anti-CGRP (1:1,000; SigmaAldrich). Slides were incubated in primary antibody diluted in blocking solution (2% normal horse serum and 0.2% Triton X-100 in PBS) at 4°C for 18 h. Primary antibody binding was visualized with chicken anti-goat, donkey anti-rabbit, or rabbit anti-mouse secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 568. Cells were counted using ImageJ. To verify GFRα3 antibody specificity, tissue from two GFRα3 −/− mice and two GFRα3 +/− littermate controls was generously provided by the H. Enomoto laboratory (15) . GFRα3 protein expression in DRG neurons was quantified with a mean pixel intensity of GFRα3 immunostaining in NeuN + cells using ImageJ. At least 250 cells were counted from three different animals at each time point. Boxplots depict intensity levels for all cells counted, with outliers plotted individually (30).
Statistical Analysis. All statistical analyses were performed using the Student t test or ANOVA, with Bonferroni's post hoc correction for multiple analyses when appropriate. Results were considered significant for tests with a P value < 0.05.
